Reverse transcription of retroviral RNA into doublestranded DNA is catalyzed by reverse transcriptase (RT). A highly conserved polypurine tract (PPT) on the viral RNA serves as primer for plus-strand DNA
INTRODUCTION
The reverse transcriptase (RT) of HIV-1 catalyzes the conversion of viral RNA into double-stranded DNA (1, 2) . This process involves various steps, including initiation of RNA-directed DNA synthesis from a tRNA primer which continues after strand-switch to a full-length minus-strand DNA copy. The RNase H activity of the RT catalyzes the hydrolysis of the viral RNA in the RNA*DNA hybrid (3) . Thereby a polypurine tract (PPT) is resistant to RNase H cleavage and serves as primer for plus-strand DNA synthesis by the DNA-directed DNA polymerase activity of the RT (Fig. 1) . The PPT is a highly conserved region adjacent to the unique region at the 3'-end (U3) of the viral RNA in the coding region of the nef gene. A second PPT is located within the coding region of the integrase gene (4) .
When considering approaches how to interfere with the viral life-cycle, we were attracted by the homopolymeric PPT because of its special and essential function during reverse transcription. A mutant in the RNase H domain of the RT, with an amino acid exchange in one ofthe most highly conserved amino acid residues H539N, exhibits a defect in its ability to initiate plus-strand DNA synthesis in vitro at the PPT-RNA primer level (5) . This mutant construct when transfected into mammalian cells did not lead to infectious virus (6) , proving that the mutation destroyed an essential viral function. Here, we tested whether the PPT can be masked as substrate for the RT by sequence-specific interaction with oligonucleotides. When the homopolymeric PPT functions as a target sequence, antisense oligonucleotides, as well as triple-helix-forming oligonucleotides (TFOs), might be useful tools to interfere with retroviral replication (7) . Formation of a stable triple-helix with PPT in vitro has also been described previously for double-and single-stranded DNA targets (8) (9) (10) .
It is postulated that during reverse transcription, TFOs targeted against single-stranded PPT-RNA or PPT-RNA.DNA hybrids might interfere at various points indicated by arrows and numbers in Figure 1 . [1] At early stages of reverse transcription, DNA elongation during RNA-directed DNA synthesis might be arrested. [2] Hydrolysis of the RNA might be blocked at the PPT which prevents generatiofl of a primer for plus-strand DNA synthesis. [3] Recognition of the 3'-end of the PPT-RNA during initiation of plus-strand DNA synthesis can potentially be inhibited. [4] Furthermore, the RNA-polymerase of the host cell can be blocked during transcription of double-stranded DNA to mRNA. [5] Finally, a triple-helix could also block translation of viral mRNA. The in vitro data presented here indicate that triple-helix formation is possible with a single-stranded RNA target as well as within an RNA-DNA hybrid region containing a PPT. We demonstrate that, in the presence of TFOs, essential steps of reverse transcription can be inhibited: the RNA-directed DNA synthesis, the generation of a PP1 primer by the RNase H and the initiation of plus-strand DNA synthesis.
We designed and optimized the TFOs tested here with respect to their application in cell culture. Therefore, the TFOs were designed for an extended 25mer purine-rich target sequence, including the * To whom correspondence should be addressed at present address; Institut fur Medizinische Virologie, Universitiit Zurich, Gloriastrasse gM) of target strand and TFO were dissolved in phosphate buffer (140 mM NaCl, 10 mM MgCl2, 10 mM phosphate, pH 6.0). The samples were pre-denaturated at 85°C and slowly cooled to room temperature for re-annealing. The Tm curve was recorded at 260 nm with a temperature gradient of 0.5 K/min using our own software.
Expression and purification of HIV-1 RT Expression and purification ofthe recombinant p66 wild-type and H539N mutant protein has been as described before (11, 12) . In a previous study the heterodimeric p66/51 RT has been tested in comparison to the homodimeric p66 HIV-1 RT (5). In various in vitro assays no difference in enzyme activity had been measured.
DNA manipulations
Restriction endonuclease cleavage, DNA isolation and end-labeling of DNA were performed as described by Maniatis et al. (13) . In vitro transcription reactions were performed as described by the manufacturer (Stratagene). Sequencing reactions were carried out with a 32P-end-labeled ODN primer using the dideoxy sequencing kit from USB according to the manufacturer's instructions. Construction of the plasmids pTZp8, pKJll and pKJ2 used for in vitro transcription reactions were as described before (14 reactions were performed in a total volume of 25 gl containing 12 ng RT as described before (7, 14) .
Inhibition of initiation of plus-strand DNA synthesis Reactions with the natural RNAeDNA hybrid substrate were carried out as described using 32P-end-labeled ODN N for the primer extension assay and the corresponding dideoxy sequencing reaction with plasmid pTZp8 (5, 15) . For triple-helix formation the RNA*DNA hybrid was incubated with a 100-fold molar excess of TF-ORN rGU (1 ,uM) (5) .
Inhibition of HIV-1 replication in cell culture Phosphorothioate oligodeoxynucleotides were tested for antiviral activity in a cellular acute infection assay. In this assay an HTLV-I transformed T-cell line C81-66/45 (16) was used (kindly provided by Dr R. C. Gallo, NCI, NIH, Laboratory ofTumor Cell Biology, Bethesda, MD, USA). The cell line was obtained after transformation of cord blood cells, co-cultivated with HTLV-I producing cells. The C81-66/45 cell line is non-productively infected with HTLV-I, since these cells do not express HTLV structural proteins p19 or p24 nor do they release detectable virus or reverse transcriptase activity into the culture medium (16) .
To study the effect of the TFOs in cell culture the following TFOs were used: phosphorothioated TFO Also the 2-0-methyl-derivative of rGU was used. HIV-1 replication was tested in short term experiments as described (17) . multiplicity of infection (moi =0.05). Viable cell number increased to 1 x 106 cells/ml within 4 days of incubation as determined by trypan blue exclusion. HIV-1 infection of these cells is characterized by the formation of large syncytia in culture which can be detected by microscope. Two hours after infection the cells were washed extensively and treated with the synthetic phosphorothioated oligodeoxynucleotides at 1 jM concentration in culture medium. After 48 h the medium was removed and fresh medium was added again containing the oligonucleotides at 1 jM concentration. Virus production was monitored at the cellular level by the appearance of syncytia and in the supernatants by p24 antigen-capture assay (Du Pont). At the time points indicated, an aliquot of the culture supernatant was removed for p24 antigen analysis and replaced by fresh medium. Once a week viable cells were counted and split down to 1 x 106 cells per ml. Short-term experiments were analyzed over a time period of 12 days. In the long-term experiment the effect of the TFO A in comparison to a corresponding 54mer random ODN on HIV-replication was analyzed over a time period of 28 days.
RESULTS

RNase H cleavage protection
The generation of the PPT-RNA primer for plus-strand DNA synthesis by the RT is an essential step during the process of reverse transcription (see Fig. 1 ). The RNA cleavage pattern of RNA-DNA hybrids containing in vitro transcribed RNA of the PPT region can be analyzed in vitro. These hybrids have been described before as substrates for the different RT activities (5, 14) . 85-90% of the RNA moiety of the hybrid were cut by the RNase H activity of the RT when the hybrid region is 20-40 bp in length (14) .
In order to analyze whether triple-helix formation at the PPT can prevent RNase H cleavage at the 3'-end of the PPT-RNA, a preformed RNA-DNA hybrid consisting of a 40 bp hybrid region, including the extended PPT-target sequence was incubated with either a 25mer triplex-forming oligodeoxynucleotide GT (TF-ODN GT) or a 25mer triplex-forming oligoribonucleotide rGU (TF-ORN rGU) ( Fig. 2A) . In a previous study we have shown that under these conditions-GT-containing TFOs prevent RNase H cleavage at the PPT more efficiently than their pyrimidine (CT-containing) counterparts (7) . If the resistance against RNase H clevage is indeed caused by triplex formation, it should be further increased by changing the backbone composition of the triple-helix from D x R*D to R x R-D (x indicating Hoogsteen binding). This has been shown recently for pyr x purepyr triple helices (19, 20) .
Therefore we tested the effect of the TF-ORN rGU parallel to TF-ODN GT (Fig. 2B) The data shown in Figure 2B were evaluated quantitatively by phosphorimager and the average of three experiments is presented (Fig. 2C) . The TF-ORN rGU protects 50% of the RNA from cleavage at a concentration of -1 jM whereas a 20-fold higher concentration of TF-ODN GT is required.
In order to confirm that the TF-ORN rGU can indeed form a triple-helix with the preformed hybrid, three strands consisting of a 35mer synthetic RNA oligonucleotide containing the extended PPT target sequence (listed at the bottom of Fig. 3) , the complementary DNA oligonucleotide and the TF-ORN rGU, were subjected to an analysis of the UV absorbance at 260 nm as a function oftemperature. The resulting melting profile presented in Figure 3 reveals two distinct peaks corresponding to transition from triplex to duplex at 48°C and transition from duplex to single-strands at 80°C. This result demonstrates that under the conditions tested a stable triple-helix formation is possible which can be assumed to cause RNase H cleavage protection at the PPT.
Inhibition of initiation of plus-strand DNA synthesis as a result of inhibition of the RNase H at the PPT The presence of TF-ORN rGU can interfere with the RNase H activity at the PPT under conditions which allow triple-helix formation as shown above. On the basis of this result we anticipated that the initiation of plus-strand DNA synthesis might be inhibited. Therefore, the TF-ORN rGU was added to the RNA*DNA hybrid substrate at a concentration of 1 pM, which corresponds to a 100-fold molar excess over the preformed hybrid, and tested with purified RT in vitro the initiation of plus-strand DNA synthesis (5, 15) . For that purpose singlestranded circular phage M13 DNA containing an HIV-1 insert was hybridized to a complementary RNA (pT Zp8-543 nt in length) transcribed in vitro containing the PPT-target sequence (Fig. 4 , see scheme at the bottom). The hybrid region is a substrate for the RNase H activity of the RT in vitro. In the presence of deoxynucleoside-triphosphates (dNTPs), the DNA-directed DNA polymerase activity of the RT initiates the synthesis of Figure 4 . Alignment of the result of the sequencing gel with the sequence listed to the left demonstrates that plus-strand DNA initiates exactly at the 3'-end ofthe PPT (arrows). When the TF-ORN rGU is added at a 100-fold molar excess to the preformed hybrid structure, initiation of DNA synthesis is inhibited (Fig. 4, lane 9) . In a previous analysis we have demonstrated that a mutant of the RNase H with a point mutation H539N, which is defective in its exo-but not endonuclease function, cannot initiate plus-strand DNA synthesis in this assay (5) and is non-infectious (6). This result with the mutant and its respective wild-type is shown for comparison (Fig. 4, lanes 6 and 7) . Two controls were performed with no enzyme present (lanes 5 and 8) .
The data indicate that presence of the TF-ORN rGU prevents cleavage of the RNaseH activity at the PPT site so that initiation of plus-strand DNA synthesis is inhibited (indicated by crossed arrow in the scheme). (21, 22) . This system is entropically and kinetically favoured and has been described before for the isomorphic (pyr x pur-pyr) triple-helix type with a single-stranded DNA containing the HIV-1 PPT as target sequence (21) , not the viral RNA.
The in vivo target for a TFO is in the case of HIV-1 reverse transcription single-stranded RNA. Therefore, we determined whether such a sandwich TFO can interfere with enzyme activities of the RT especially the RNase H. Various TFOs were designed (listed in Fig. 5A ) and RNase H cleavage assays were performed in their presence. In vitro transcribed RNA containing the extended PPT target sequence was preincubated with increasing amounts of the TFOs. All of these TFOs can form an RNA.DNA hybrid substrate for the RNase H activity with their Watson-Crick base-pairing sequence. The TFOs differ, however, in their Hoogsteen basepairing part where point-mutations were inserted. This influences their ability to form triple-helices. RNase H cleavage resistence was determined with radioactively 5'-end labeled RNA and analyzed by gel electrophoresis and autoradiography. Figure SB shows the result of the RNase H cleavage reaction. Quantitative evaluation of the amount of RNA remaining uncut as measured by phosphorimager is presented below and given in percentage (Fig. SB) . Furthermore, spectroscopical analyses were performed to determine the triplex to duplex transition temperatures. Tm curves have been obtained with TFO A, E and F. TmS oftriplex to duplex transitions are listed (Fig. SB, bottom) . The sequence-specificity of the RNase H inhibition reaction is proven by TFO B which has a GT-alternating sequence in its Hoogsteen base-pairing part while its .TF-ORN rGU was absent (-) and present (+) as shown. The R x R.D triple-helix was allowed to form by overnight incubation of the preformed RNA-M13-DNA hybrid and rGU at a 100-fold molar excess (1 pM). Then the RT was added. To determine the initiation site of the plus-strand DNA, a primer extension assay was carried out after the DNA strands were denatured by treatment with NaOH and precipitated with ethanol. A 32P-end-labeled oligonucleotide N (complementary to a sequence 66-86 bases downstream from the PPT, see scheme) was annealed to the plus-strand DNA and the primer extended up to the start point ofplus-strand DNA synthesis by means of T7 DNA polymerase. The reaction products were applied to a denaturing 8% polyacrylamide gel along with dideoxy sequencing reaction ladders generated on the corresponding M13-DNA template with the unlabeled DNA primer N and [a-35S]dATPaS (lanes 1-4) (Wohrl and Moelling, 1990 ). The crossed arrow points to the inhibition site of the triple-helix.
Watson-Crick base-pairing part was unchanged (see Fig. SA 16 nt (for sequence see Fig. 5A ). The GT-rich TFO F causes an RNase H cleavage protection effect only at its highest concentration (10 gM). In contrast, the pyrimidine containing TFO (TFO E) cannot protect the target RNA from RNase H cleavage. In summary, TFO-induced resistance against the RNase H shown in Figure 5B correlates well with the fidelity of the Hoogsteen binding third strand and the TiS listed at the bottom. In this experiment the p24 antigen production was quantitated in contrast to (A) and (B). To further characterize the reactions, assay was performed with a hybrid re, sequence in the presence of increasing am expected, the RNase H cleavage reacti However, at higher concentrations (>1 | lesser extent TFO D, turned out to be inhit suggesting a direct effect on the enz3 concentrations of TFO A and D inhibiti superposition of triple-helix formation an
To differentiate between a triplex-effect and a direct inhibition 20 25 30 [d] of the RT by the TFOs, a primer-extension assay was perfonned with a primer binding downstream ofthe PPT. The result is shown in Figure 5C indicating that at low concentration (<1 gM) ofTFO A cDNA synthesis terminates at the PPT (see arrows). [The premature termination products are due to pausing of the RT at homopolymeric stretches described before (5 To test the effect of inhibitory TFOs on replication of HIV in infected cells the most effective TFO A was chosen. Short-term experiments were performed similar to those described by Lisziewicz, for antisense effects on newly infected cells (17) . The human T-cell line C81-66/45 was obtained by transformation of fresh human umbilical cord blood T-lymphocytes with HTLV-I (16) . The immortalized cells contain the HTLV-I genome and synthesize viral RNA, but are restricted in their expression ofviral structural proteins. These cells were acutely infected with HIV-1, strain IIIB. The amount of virus used for infection was determined beforehand by virus titration so that the infectious dose lead to syncytia within -3 days. Cells were treated with virus for 2 h to allow adsorption. Then the virus was washed off and modified TFOs were added with fresh medium. After 48 h new medium supplemented with TFOs was added. At the time points indicated the amount ofp24 in the supernatant was determined by p24 antigen capture assay (Du Pont) and plotted as a function of time (Fig. 6 ). Syncytia formation was determined by microscope and graded. The TFO A prevented syncytia formation and p24 production for up to 12 days. In this experiment a 25mer antisense ODN allowing Watson-Crick base-pairing in the PPT region (oligo b in Fig. 5A ) and a control ODN consisting of randomized 25mer sequences were used as controls. Both ODNs contained three thioated nucleotides at either end (see Materials and Methods for sequences). The antisense ODN showed a transient inhibitory effect lasting for -6 days whereas the control ODN had no effect (Fig. 6A) . We also tested the effect of 2-0-methylderivative of TF-ORN rGU in such a short-term experiment. It did not exhibit any inhibitory effect on HIV replication (data not shown). The experiment shown in Figure 6A was repeated three times with similar results, one of which is shown.
In another experimental series TFO A was tested using the corresponding version of scrambled TFO A (see Materials and Methods) as control. Thioate modifications were again introduced in three nucleotides at either end and in three Ts of the T4 linker (see Materials and Methods). The result is shown in Figure  6B . It represents again one out of three experiments with similar results. A strong inhibition of virus replication as measured by p24 production, is observed, while the control did not have any effect.
Furthermore, we performed this experiment by extending the culturing period for up to 28 days (Fig. 6C) . Again TFO A and the scrambled version of TFO A as control were used and each was applied twice as described above. The experiment shows complete inhibition of p24 antigen production in the presence of TFO A. In this experiment the amount of p24 production was quantitated in contrast to Figure 6A and B. The result shows that p24 production bursts off after 12 days in the controls (note differences in the scales in Figure 6A , B and C).
In another study TFO A was tested in comparison to TFO B.
TFO B has a GT-altemating sequence in its 5'-part, which does not allow triple-helix formation. In cell culture TFO B had no effect on p24 or HIV-1 virus production (data not shown). This result demonstrates that the Watson-Crick base-pairing domain which could give rise to an antisense effect does not allow inhibition. Thus anti-sense effects can be excluded.
DISCUSSION
The PPT as a homopolymeric sequence has been tested for its ability to participate in triple-helix formation. The in vivo target for triple-helix formation during reverse transcription is, in the case of HIV, either single-stranded RNA or an RNA*DNA hybrid. Therefore, the inhibition of reverse transcription was tested in vitro using two model-systems. In the three-strand system a triplex-forming strand (TFO) was added to a preformed RNA-DNA hybrid. The second model-system consists of the single-stranded RNA target and a second oligonucleotide containing the Watson-Crick and the Hoogsteen base-pairing domains in a single strand separated by a spacer-sequence ('sandwich' or two-strand system). The structure of the TFOs was designed for application in cell culture tests, which require high thermodynamic stability of the triple-helix, accessibility of the target for the TFOs and sufficient half-life of the TFOs to allow the slow process of triple-helix formation with the target strand before they degrade (23, 24) . The thermodynamic stability of a triple-helix depends on different factors such as length of the target sequence or backbone (RNA or DNA) and base-triplet composition (19, 20, (25) (26) (27) . Consideration of these factors resulted in the design of the TF-ORN rGU for the three-strand system and TFO A for the two-strand system.
In vitro tests have confirmed the formation ofa triple-helix with the PPT-RNA as target. Furthermore the presence of rGU leads in vitro to resistance of the PPT against RNase H cleavage and inhibition of initiation of plus-strand DNA synthesis. This defect has also been described previously (5) using the mutant RT, H539N, which did not lead to infectious virus when transfected into mammalian cells (6) proving that an essential viral function had been destroyed. Here, we demonstrate that an inhibitory effect of rGU on initiation of plus-strand DNA-synthesis occurs in vitro. However, in cell culture experiments the presence ofrGU was unable to prevent de novo infection with HIV-1 (data not shown).
This result is consistent with other reports (27) (28) (29) . In those studies a stable triple-helix formation can also be achieved in vitro. However, in cell culture experiments the triple helices were only effective when they were coupled with an intercalating agent such as psoralen and covalently linked to the target sequence by UV irradiation.
These chemical modifications of the Hoogsteen base-pairing triplex strand are one way to enable triple-helix formation under the high stringency of physiological conditions in living cells.
Here, another approach was taken. We analyzed whether the association of the Hoogsteen base-pairing triplex strand with the target strand can be facilitated if the Hoogsteen strand is covalently linked to a Watson-Crick base-pairing sequence. One of these 'sandwich' TFOs (TFO A), designed against singlestranded RNA, the in vivo target during HIV-1 replication, efficiently inhibits the RNase H activity in vitro and de novo infection in cell culture. In in vitro assays TFO A was shown to inhibit RNase H cleavage at the PPT-target site very efficiently even at low concentrations (200 nM) and the spectroscopical analysis proved a Tm for the triplex to duplex transition of 60°C when TFO A was annealed with single-stranded RNA as the target-strand. These results support the notion that a 'sandwich' composition of a triple-helix is thermodynamically and kinetically superior to the three-strand system. TFO A and, to a lesser extent, TFO D inhibited the RNase H activity in a sequencespecific way, i.e. that a triplex really formed at the PPT and blocked the RNase H (Fig. 5B ). This effect was not observed in a control reaction in which the TFOs were applied to a target-strand lacking the PPT. However, at higher concentrations (>1 ,uM TFO A) the RT/RNase H activities are directly inhibited as shown in a primer-extension experiment (Fig. 5C) .
This raises the question of how TFO A inhibits retroviral replication in cell culture. We tried to exclude all obvious sequence-unspecific effects. The 
